Background: Each year almost one million newborns die from infections, mostly in low-income countries. Timely case management would save many lives but the relative mortality effect of varying strategies is unknown. We have estimated the effect of providing oral, or injectable antibiotics at home or in first-level facilities, and of in-patient hospital care on neonatal mortality from pneumonia and sepsis for use in the Lives Saved Tool (LiST). Methods: We conducted systematic searches of multiple databases to identify relevant studies with mortality data. Standardized abstraction tables were used and study quality assessed by adapted GRADE criteria. Meta-analyses were undertaken where appropriate. For interventions with biological plausibility but low quality evidence, a Delphi process was undertaken to estimate effectiveness.
Background
Deaths occurring in the neonatal period each year account for 41% (3.6 million) of all deaths in children under 5 years [1] . The majority of these deaths occur in low income countries and almost 1 million of these deaths are attributable to infectious causes including neonatal sepsis, meningitis and pneumonia [1] . These deaths occur because of lack of preventive care (clean birth care, breastfeeding) and appropriate case management [2] . Delays in treating neonatal infections of even a few hours may be fatal. Delays in illness recognition and care seeking, a dearth of primary health care providers, and limited access to facility care contribute to these deaths [3] . Recent trials have demonstrated the effect of community-based packages for prevention and treatment of neonatal bacterial infections, with the potential to save many lives [4, 5] .
Therapy with appropriate antibiotics and supportive management in neonatal nurseries is the cornerstone of management of neonatal sepsis and pneumonia, with strong biological plausibility that such therapy saves lives. Yet the quality of evidence is understandably affected by the ethical impossibility of undertaking randomized trials of antibiotic management compared with no antibiotic management. Nevertheless, given the limited access to care for sick neonates in low income countries, it is important to assess the potential mortality effect of oral antibiotics and injectable antibiotics delivered in domiciliary or primary care settings. Case management for hospitalized neonates is more expensive, but to guide policy and program investments we also need to know how much more effective it is compared to care delivered at home or in primary care settings.
The objective of this review is to provide estimates of the effectiveness of three interventions in preventing neonatal deaths from severe infection: (i) case management with oral antibiotic therapy alone for pneumonia and sepsis; (ii) case management with injectable antibiotics (± oral antibiotics) as an outpatient or at home for neonatal sepsis /meningitis and pneumonia; and (iii) hospital-based case management, including injectable antibiotics, intravenous fluids, oxygen therapy, second line injectable antibiotics if needed, and other supportive therapy (Table 1) . These mortality effect estimates are used in the Lives Saved Tool (LiST) software, a userfriendly tool that estimates the number of lives saved by scaling up key interventions and helps in child survival planning in low income countries [6, 7] .
Methods

Searches
We searched all published literature as per CHERG systematic review guidelines [7] . Databases searched were PubMed, Cochrane Libraries and WHO regional databases from 1990 until April 2009 and included publications in any language ( Figure 1 ). Search terms included various combinations of: sepsis, meningitis and pneumonia. For sepsis and pneumonia management at a hospital level we conducted two parallel searches (Figures 2 and 3 ). These were broader as we also wanted to identify studies reporting incidence and case fatality ratios (CFR) for a related study on global burden of neonatal sepsis. Titles and abstracts were reviewed and studies were included if data on one of the following outcomes was provided: all-cause mortality, sepsis/meningitis/pneumonia mortality and/or CFR. Furthermore, extensive efforts were made to contact investigators and program managers for unpublished data.
Inclusion/exclusion criteria, abstraction
We reviewed all available observational studies, randomized controlled trials, systematic reviews, and metaanalyses, which included neonates and principally involved the management of serious neonatal infections. The search was limited to "humans". We examined studies published from 1990 until April 2009.
We included randomized controlled trials, studies with concurrent controls, and observational studies with no control group if mortality outcomes were reported. All studies meeting final inclusion criteria were double data abstracted into a standardized form. We abstracted key variables with regard to the study identifiers and context, study design and limitations, intervention specifics, and mortality outcomes. We assessed the quality of each of these studies using a standard table employing an adapted version of GRADE [8] developed by the Child Health Epidemiology Reference Group (CHERG) [7] . For studies which reported mortality outcomes that were not neonatal specific, we contacted the authors to request the neonatal-specific data. All studies that were coded are included in Additional File 1.
Case definition of sepsis
During our review of selected studies we were unable to find a standard definition for clinical neonatal sepsis or pneumonia (Table 2) . Each study used different criteria although most are a variation on WHO IMCI approach. We therefore decided to accept authors' definitions of sepsis and pneumonia, recognizing that these non-specific definitions lower mortality outcome estimates as many "non-sepsis" cases are included in an effort to maximize sensitivity.
Analyses and summary measures
All studies reporting mortality data for pneumonia and sepsis management, in community and hospital settings, were summarized according to the overall quality of evidence for each outcome and each data input type using an adapted version of the GRADE 21 protocol table [7] . When appropriate, we conducted meta-analyses to obtain pooled estimates of the risk ratios, using either the Mantel-Haenzsel or, when there was evidence of heterogeneity, the DerSimonian-Laird random effects estimator. 95% confidence intervals (CI) were also calculated. Statistical analyses were performed using STATA 10.0 (http://www.stata.com).
Delphi Process for Establishing Expert Consensus
For intervention-outcome combinations for which we did not identify moderate quality evidence, we sought expert consensus via the Delphi method. Individuals invited to participate were experts in newborn health and sepsis representing six WHO regions (South Asia, Africa, Western Europe, Eastern Europe, North America, Australia), and including multiple disciplinesinternational health, pediatric infectious diseases, clinical neonatology, and general pediatrics. Twenty (of twenty-three experts invited) agreed to participate in the Delphi process. The questionnaire was developed by JL, AZ, SC and SS, and refined after several rounds of pilot testing. The questionnaire was sent by email and included the background and aims of the Delphi and estimates of effect that were available from the literature for different scenarios. The median response and range were determined for each question. Consensus was defined a priori as an interquartile range in responses of not more than 30% for each question. For those estimates not reaching consensus, the plan was for results to be electronically distributed to the panel, virtual discussion allowed, and a second round of email questionnaires sent. However, consensus was achieved after one round of questionnaires and subsequent rounds were not necessary.
Results
Studies identified
Our systematic searches for community management of sepsis and pneumonia identified 2876 titles ( Figure 1 ) and after screening of titles, abstracts and relevant full texts, we located 7 studies of interest (reported in 8 papers) [9] [10] [11] [12] [13] [14] [15] [16] . We identified 4 non randomised concurrently controlled studies, which evaluated oral antibiotics for pneumonia (Table 5 ) [10, [14] [15] [16] . Three of these studies did not report disaggregated neonatal outcomes in the primary papers, but neonatal outcomes were available through abstracted forms from an earlier metaanalysis by Sazawal et al [17] . For management of neonatal sepsis using injectable antibiotics, we located 3 studies (reported in 4 papers) [9, [11] [12] [13] . There was one observational primary clinic-based study without a control group [13] , one RCT [12] and one non-randomised, concurrently controlled study [9] . The fourth paper reported observational data from individual infants evaluated during the RCT mentioned above and was not a separate study [11] . All the studies were from high neonatal mortality regions.
In our search for hospital-based studies of sepsis we found 55 studies from a total pool of 13998 studies which reported sepsis and/or meningitis mortality outcomes ( Figure 2 ) . For pneumonia, we found two studies from a total pool of 94 studies ( Figure 3 ) [71, 72] .
The details of each study and quality assessment using GRADE are summarised in Tables 3, 4 , 5, and 6.
Evidence for effectiveness of oral antibiotic therapy alone
Unpublished neonatal data were obtained from the principal investigators of the four studies identified and a new meta-analysis was done to update that of Sazawal et al [17] . We performed meta analyses for two outcomes: oral antibiotics were associated with reductions in both all-cause mortality (4 studies [10, [14] [15] [16] : RR 0.75 95% CI 0.64-0.89) ( Figure 4 ) and pneumonia-specific mortality (3 studies [10, 15, 16] : RR 0.58 95% CI 0.41-0.82) ( Figure 5 ). Limitations included non-randomization, estimation of intervention coverage as precise coverage estimates were not available;and variability between studies of the intensity of co-interventions. We found no studies of the effect of oral antibiotics on sepsis-specific mortality. The Delphi consensus (median) Zaidi et al. BMC Public Health 2011, 11(Suppl 3):S13 http://www.biomedcentral.com/1471-2458/11/S3/S13 was for a 28% reduction in sepsis-specific mortality with an interquartile range of 20% to 36.25% ( Figure 6 ).
Evidence for effectiveness of injectable antibiotic therapy (±oral antibiotics)
Three studies reported in four papers, were identified (Table 6 ) [9, [11] [12] [13] . One, an RCT [12] evaluated the impact of a perinatal care package which included the administration of injectable antibiotics in domiciliary settings in situations where referral to hospital was not possible. This trial reported a reduction in all-cause neonatal mortality of 34% (RR=0.66, 95%CI 0.47-0.93). A second paper from the same study reported that the CFR for neonates who were evaluated and actually treated with injectable antibiotics was 4.4% [11] . A nonrandomized, concurrently controlled study [9] also evaluated the impact of a home-based neonatal care package in which septic neonates were treated with injectable antibiotics when referral to hospital was not possible. The overall mortality reduction in the intervention arm of the trial was calculated to be 44% (RR=0.56 95% CI 0.41-0.77). A third, uncontrolled study [13] based in a primary care clinic reported a CFR of 3.3% among septic children treated with injectable antibiotics.
In both of the community-based studies [9, 12] injectable antibiotics were only one component of comprehensive community-based newborn care packages, and therefore the effectiveness of injectable antibiotics alone in the community cannot be reliably estimated. The Delphi consensus for the effect of injectable antibiotics was for a 65% reduction (interquartile range of 50-70%) in sepsis-specific mortality and 75% reduction (interquartile range of 70-81.25%) in pneumonia-specific mortality in communitybased settings ( Figure 6 ).
Evidence for effectiveness of inpatient hospital case management
We found no trials assessing the impact of hospitalbased case management and the observational studies of hospital management showed wide variation in effect. Searches conducted for studies reporting CFRs in neonates with pneumonia in health facilities revealed very few data. Two studies were identified with authordefined neonatal pneumonia; both were from low income, non-industrialised settings and reported CFRs of 14.4% [72] and 30.8% [71] .
CFRs for neonatal sepsis, adjusted for the proportion of very low birth weight babies in the study, were plotted against national percentage skilled delivery, as a proxy for access to hospital-based case management of neonatal sepsis. In countries with a high proportion of births attended by skilled attendants, the predicted CFR for sepsis was 9.5%, whereas in countries with a low proportion (<30%) skilled birth attendance, the predicted CFR for sepsis with hospital care is 20-30% (Figure 7) . A 68% reduction in the CFR for neonatal sepsis is predicted as one moves from 0% to100% skilled birth attendance. This reduction is likely to under estimate the effect of hospital-based case management since skilled birth attendance is likely to be a poor surrogate for effective facility case management of neonatal infections, but was used in the absence of coverage data for case management Although the quality of evidence is low according to GRADE criteria, the recommendation for case management of neonatal infections is strong, and this is standard practice globally. Table 7 provides a summary of the effect of case management on neonatal sepsis and pneumonia cause specific mortality, and GRADE of the estimate. Therefore the Delphi process was used to provide estimates for the effect of hospital care. The Delphi consensus was for a 80% reduction in sepsis-specific mortality (interquartile range 75% to 85%), and a 90% reduction in pneumonia-specific mortality (interquartile range 88.75% to 95%) ( Figure 6 ).
Discussion
Infections including sepsis, meningitis and pneumonia are responsible for almost a million neonatal deaths annually. Neonates are more susceptible to severe infections and the progression of disease is more rapid due to developmental immunodeficiency, resulting in high CFRs. Also, a significant proportion of infections may arise early, after vertical transmission from the mother [73] . Therefore, timely identification and appropriate management with antibiotics is an important strategy to reduce the burden of neonatal mortality due to infections. We have previously reported the evidence from observational and experimental studies in low income countries for community-based management of neonatal infections (pneumonia and sepsis) with oral and injectable antibiotics [74] [75] [76] . We have now undertaken a systematic review of available evidence, including from industrialized countries and facility settings, and where the quality of evidence is low we have undertaken a Delphi expert process to estimate the cause-specific mortality effect. This review of effectiveness of the interventions is shaped in large part by the needs of the LiST model. In that model, increasing coverage of an intervention results in a reduction in deaths due to one or more specific causes or in reduction of a risk factor. Therefore the reviews and the GRADE process used were designed to develop estimates of the effect of an intervention in reducing death due to specific causes. For more details of the review methods, the adapted GRADE approach or the LiST model see related publications [6, 7] .
To our knowledge, this is the first review providing effectiveness estimates for case management options to reduce neonatal deaths due to neonatal sepsis/meningitis and pneumonia, in both community and facility settings. Theodoratou et al have previously estimated effectiveness of pneumonia case management in children under 5 years but they did not disaggregate neonatal mortality data from later child mortality [77] . The estimated effect of community case management on pneumonia mortality in children under 5 years of age in the analysis by Theodoratou et al is 70% (77) . Oral antibiotics in community settings for neonatal pneumonia in our analysis were associated with a 42% reduction in pneumonia-specific mortality and a 25% reduction in all-cause neonatal mortality based on a meta-analysis of available trials. There is no evidence to estimate the effect of oral antibiotics on sepsis-specific mortality, but our Delphi process suggested a 28% reduction. Delphiderived estimates for the effects of management using injectable antibiotics delivered in home or primary care settings came out at 65% for sepsis-specific mortality and 75% for pneumonia-specific mortality. These Plot of neonatal sepsis CFR versus percent skilled delivery as a marker of access to facility care. Model fitted: outcome = log(CFR) Covariates = Skilled attendant coverage and % babies vLBW Fitted line is predicted CFR for settings with % VLBW<30%. Predicted CFR at 0% skilled attendance is 30%. Predicted CFR at 100% skilled attendance is 9.5%. % reduction = 68.5% Coefficient skilled attendance is 0.12 on the log scale (95% CI -0.02 to -0.007); i.e. for each 1% increase in skilled attendance rate CFR is reduced by 1.1% (95% CI: 0.7% to 1.6%).
estimates are biologically plausible and consistent with published studies [9, 12] which reported reductions in all-cause neonatal mortality (sepsis plus other causes) of 34% and 44% respectively with community-based packages including injectable antibiotics. CFRs reported from observational studies of hospital case management varied widely, from 6.7 to 67%. Our Delphi estimates suggested an 80% mortality reduction in sepsis deaths and a 90% reduction in pneumonia deaths with hospital case management.
There were 4 effectiveness trials assessing the impact of oral antibiotics on pneumonia-specific mortality in the community. Only one of these studies was randomized and the programmatic coverage of the intervention had to be estimated as coverage data were not routinely assessed or reported. The selection and intensity of co-interventions was not uniform between the studies. An additional limitation was the lack of clearly defined cause-of-death definitions by the authors. However, the effect sizes were remarkably consistent with each other, and therefore the evidence level was upgraded to moderate.
GRADE guidelines rank the evidence relating to the effect of injectable antibiotics on sepsis-specific mortality as low quality. The 3 studies identified were not uniform with respect to study designs; one was an effectiveness RCT, one was a non-randomized concurrent trial and the third was an observational study describing the experience from primary care clinic without a control group. Both the RCT [12] and the non-randomized concurrent trial [9] , involved concurrent co-interventions alongside the administration of injectable antibiotics. This made it impossible to assess the impact of injectable antibiotics alone on sepsis mortality. Neither study reported the change in the sepsis-specific mortality rate in the intervention arm compared to control arm, and reported the impact on all-cause neonatal mortality only. The absence of randomization in one of the trials is a further limitation [9] . The main limitation to the observational study in a Quality of input evidence:
For oral therapy, moderate (3 low quality non-randomized concurrent control studies)
For the effects of injection therapy and full case management, the level of evidence is very low (based on Delphi).
Proximity of the data to cause specific mortality effect:
Moderate for oral therapy as several low quality but consistent studies; however, lack of consistency in cause-of-death definitions Very low quality for injection therapy and full case management as these results are based on Delphi
Limitations of the evidence:
Interpretation of the data is limited by concurrent interventions particularly for studies with injection case management
Possible adverse effects:
Data not reviewed
Effect on neonatal deaths due to sepsis and meningitis
Cause specific effect and interquartile range:
Oral therapy 28% (20-36.25% interquartile range on Delphi) Injection therapy 65% (50-70% interquartile range on Delphi)
Hospital-based management 80% (75-85% interquartile range on Delphi)
Quality of input evidence:
Very low (based on Delphi)
Direct effect estimated by Delphi
Limitations of the evidence:
Lack of direct evidence on sepsis-specific mortality. Studies have evaluated injectable antibiotics as part of multiple co-intervention peri-natal care packages.
Possible adverse effects:
Data not reviewed primary care clinic [13] was the absence of a control arm in the study. We identified no controlled trials assessing the effect of hospital-based case management of neonatal infections. Such studies would be difficult or impossible to implement in an ethical fashion. Thus studies were limited to reporting CFRs for neonatal sepsis and meningitis. The studies were from varied settings, from both industrialized and low income countries, and reported widely varying CFRs. Only 2 of these observational studies reported CFRs for pneumonia. One of these studies reported a very high CFR for pneumonia due, we believe, to the high proportion of LBW babies in the sample (60%).
We found some moderate quality evidence for intervention packages including antibiotics in community settings but ironically data are most lacking at facility level, and district hospital level is a critical gap [78] . Unlike the LiST review on neonatal resuscitation which identified several before-after studies of facility based neonatal resuscitation reporting mortality data, we were unable to find similar before-after studies on the effect of hospital-based case management of sepsis/meningitis/ pneumonia. An understandable reason for this might be the ethical constraints precluding such studies. However, historical reviews from the pre-antibiotic era provide an insight into the CFR associated with untreated sepsis in facility settings. The best available evidence comes from the series of papers from Yale Medical Center reporting time trends for neonatal sepsis. These data show that in the 1920s and 1930s the CFR for blood culture confirmed sepsis stood at 90% [79, 80] . With the introduction of antibiotics, the CFR decreased to 45% by 1965 [81] , and with the subsequent introduction of intensive care units and advanced life support it came down to 16% by 1988 [82] , and 3% by 2003 [83] . Such data highlight the effectiveness of hospital-based management in preventing neonatal mortality from sepsis.
Conclusion
As evident from our results, even oral or injectable antibiotics alone are highly effective in reducing deaths from neonatal sepsis or pneumonia. These interventions hold great potential to reduce the 1 million neonatal deaths each year. If substantial reduction in neonatal mortality is desired, both, community and facility-based interventions are required, linked by functioning referral systems, giving the potential to prevent hundreds of thousands of avoidable newborn deaths every year.
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